Abstract This study reviews the present status of the Japanese chum salmon Oncorhynchus keta stock enhancement program and considers the ecological sustainability of wild populations while providing fishery production, exemplified by the hatchery-based Kitami region set net fishery. The return rate and the number of returns have been historically high in the Sea of Okhotsk, but have decreased in other regions since 2005. Natural spawning of chum salmon occurred in at least 160 rivers in Hokkaido. The genetic diversity of Japanese chum salmon was similar to or higher than that of other Pacific Rim populations. Numbers of alleles were high at microsatellite loci, but the loss of rare haplotypes was observed in all populations. The estimated N e /N ratio for the Kitami region was [0.15 % including hatchery and wild fish under the present high fishing pressure. Four regional populations were inferred in Hokkaido, however, genetic differentiation was weak and some river-populations were nested. Substantial changes in run timing were observed, but it has recovered gradually owing to the recent practice of escapement. Our analyses highlight the importance of juvenile quality and the vital roles of escapements in enhanced and non-enhanced rivers. New research is needed to minimize the genetic risks associated with hatchery programs.
Introduction
The hatchery stock enhancement program in Japan was initiated in the 1880s to increase Japanese chum salmon Oncorhynchus keta fishery production and has continued for over 120 years. The numbers of chum salmon returning to Japan have increased remarkably since the late 1970s. Hatchery technology innovation is considered the major cause for the increase [1, 2] , and the favorable ocean and climate conditions have supported this increase [3, 4] . The closure of high seas fisheries and improved river water quality may have boosted the recent abundance of chum salmon in Hokkaido [5] , the principal salmon production area in Japan. Although past management of Japanese chum salmon focused on producing and releasing hatcheryreared fish (hereafter hatchery fish), Japanese salmon scientists and hatchery managers have become aware of the importance of conserving wild fish. Counting surveys of wild fish recently conducted in Hokkaido have found that natural spawning occurs in many rivers [6] . However, the majority of chum salmon returning to Hokkaido are hatchery-released fish; therefore, the ecological sustainability of the chum salmon stock is controversial [7] [8] [9] . While traditional hatcheries have concentrated on fish production, the goals of modern hatcheries are to conserve wild populations and/or provide harvest with minimal risk to the wild population [10, 11] . There are strong ecological and economic incentives in Hokkaido to reform salmon fishery management by focusing on the coexistence of hatchery and wild fish [2, [12] [13] [14] . Further discussion on the use of hatcheries from the viewpoint of conservation may be useful.
This study reviews the present status of the Japanese chum salmon stock enhancement program and considers the role of hatcheries in the ecological sustainability of wild populations, focusing on the hatchery-based set net fishery in the Kitami region, Hokkaido, the largest chum salmon fishery in Japan. Onsite surveys of the chum salmon stock enhancement program were conducted, and statistics and information were collected from the Salmon and Freshwater Fisheries Research Institute (SFFRI) at Eniwa, the Hokkaido Federation of Fisheries Cooperative Association (HFFCA) at Sapporo, and the Kitami Salmon Enhancement Program Association (KSEPA) at Abashiri. After conducting a brief review of the chum salmon stock enhancement program and the results of wild fish counting surveys in Hokkaido, the ratio of effective population size to the number of returning adult fish was estimated for the Kitami region by combining hatchery broodstock and hatchery/wild escapements. Genetic diversity indices of Japanese chum salmon populations were compared with those of other populations in the Pacific Rim. Fine-scale population structures of Japanese chum salmon populations were estimated based on publicly available mitochondrial (mt) DNA and microsatellite (ms) DNA data. Our analyses highlight the importance of juvenile fish quality and the vital role of hatchery-wild integrated reproduction through escapements to natural streams.
Hatchery releases and return rates to Hokkaido
The chum salmon hatchery program in Hokkaido is one of the largest salmon hatchery programs in the world [2] . The number of juveniles released from Hokkaido has been stable since the 1990s, averaging 1,030 ± 22 (standard deviation) million per annum during the last decade. There are currently 150 private and 10 national hatcheries in Hokkaido, and the majority of the chum salmon released (87 %) are produced by private hatcheries, with the residual portion (13 %) being produced and released by national hatcheries [2] . Hatchery fish are released in 140 rivers, of which 60 rivers use juveniles produced from parent fish collected in adjacent rivers (transplants). In addition, transplants are reared in 80 net pens and released from the rearing sites [2] . Such transplants are allowed within the geographic region in order to minimize genetic disturbance. All juveniles released from national hatcheries have otolith thermal marks. Fish from private hatcheries are marked only when scientific research is conducted. The otolith-marked chum salmon are currently \15 % of the total number released [2] .
The number of chum salmon returning to Hokkaido has increased remarkably since the late 1970s, and the average number was 49 ± 10 million (range 38-61 million) during 2008-2012. This number has been decreasing since 2005, and as of 2012 (39 million) was *64 % of the historical maximum of 61 million in 2004 (Fig. 1a) . The average return rate was *5 % for the brood years after 1996 [2] . In this article, the return rate was simply calculated by the number of returns (i.e., coastal commercial catches plus the number of adults caught for broodstock in rivers) divided by the number of hatchery fish released in the previous 4 years with the assumption that the number of naturally spawned chum salmon was negligible if any [2] . Returning salmon are caught by set net fisheries in the coastal waters off Hokkaido. Approximately 1,000 salmon set nets are operated from late August to late December, with landings peaking in late September and early October, although the fishing season differs among regions [14] . Commercial fishers pay for *7 % of the landings every year to support the hatchery program. Commercial and recreational fishing for adult chum salmon are prohibited in all rivers and in coastal waters near the river mouths where hatchery broodstock are collected. Therefore, chum salmon that have escaped capture by commercial set nets are only captured at weirs at enhanced rivers [2] . Surplus fish caught in weirs are sold to support hatchery operations.
The Hokkaido Prefectural Government established the salmon enhancement plan in 1999, which prescribes the number of adults to be captured for broodstock, number of eggs to be taken in each river, number of fry to be reared in each hatchery, and the number of fry to be released in each river or net pen location [2] . In the enhancement plan, Hokkaido is divided into five geographical regions (Sea of Okhotsk coast, Nemuro Strait, eastern Pacific coast, western Pacific coast, and Sea of Japan coast) [14] , each of which is further subdivided into 2-4 sub-regions, resulting in 14 management regions [2] . The hatcheries are operated by the nine regional salmon enhancement program associations, including KSEPA, which are supported by the Hokkaido Salmon Propagation Association, Sapporo. The salmon enhancement plan is temporally divided into three periods to manage the coastal set net fishery and broodstock collection in rivers [2] . These periods for the coastal fishery include early-(September), middle-(October), and late-periods (November and later). However, this is a period for fishery management, and not for identifying biological differences in returning fish. Here, the term ''early run'' is tentatively defined for fish that return during September-November, and ''late run'' for fish that return during December-January. The term ''wild fish'' is defined as naturally-produced individuals in the wild, even though they could include hatchery descendants [15] [16] [17] .
A decreasing trend in returns has been observed in all regions except the Sea of Okhotsk. The recent return rates and the number of fish returning have been historically high in the Sea of Okhotsk and relatively low in the Sea of Japan region (Fig. 1) . Release sizes have been increasing in all regions, and at most hatcheries they exceed the target size to be reared, i.e., 5 cm in fork length and 1 g in weight [2] . Despite the large release sizes, declining return rates have been observed in the Nemuro Strait, eastern Pacific, and western Pacific regions (Fig. 1) . A plausible cause for the regional difference in return rates is the recent changes in the coastal environment around release time, but there remains an insufficient understanding of the causes [2] .
The average number of chum salmon returning to the Sea of Okhotsk coast was 1,369,000 during 1959-1970. The average number of returning fish for the past 5 years (2008-2012) was 16,998,000 (12.4 times larger), most of which were hatchery fish. Hatchery innovation techniques are considered the main reason for the remarkable increase, which mimics the wild recruitment process and allows release timing to match favorable conditions [13] in river and coastal areas. In addition, KSEPA, an agency that enhances chum salmon populations in the Sea of Okhotsk region, has improved seed production techniques during the past decade to produce healthy juveniles. The quality of released juveniles may have contributed to the increased number of returning fish and return rates after 2000 (Fig. 1b) . It may be useful to evaluate the present management system in the Kitami region and consider chum salmon sustainability, which depends on both hatchery and wild fish.
Natural spawning in non-enhanced and enhanced rivers About 1,500 river systems occur in Hokkaido, of which 140 (9.3 %) rivers currently receive hatchery-releases of chum salmon [6] . The rivers are categorized into four types in relation to hatchery operations: (1) no enhancement to date, (2) currently no enhancement, (3) enhanced without broodstock collection, and (4) enhanced with broodstock collection for seed production [6, 14] . The rivers are relatively short, so hatchery fish are released in most large rivers with lengths [50 km, and naturally spawning chum salmon populations remain in many small (short) rivers. A total of 322 rivers (length [ 8 km) were selected for counting surveys throughout Hokkaido, because water levels in smaller rivers may be inadequate to allow the passage of chum salmon [6] . Therefore, the number of (37. 6 %) of the nonenhanced rivers, respectively. Furthermore, chum salmon were seen to ascend upstream in 191 and 175 rivers, including rivers from which broodstock are collected (76 and 84 rivers) and rivers \8 km (11 and eight rivers), respectively. These observations show that natural spawning of chum salmon occurs in 30-40 % of non-enhanced rivers (Fig. 2a) and in 70-80 % of 238 rivers surveyed, including categories 1-4.
The escapement of hatchery fish into enhanced rivers with hatcheries creates wild fish. Escapement during hatchery operations supplements early-run wild fish, and escapement creates late-run wild fish after hatchery operations. All weirs in the enhanced rivers of the Kitami region (Fig. 2b , c) have been remodeled recently to provide passage of fish for spawning (KSEPA, pers. comm., Fig. 2d) . KSEPA recorded the number of escapements after 2005 in some enhanced rivers with hatcheries, although the number was low (Fig. 3) . Weirs are removed around the end of November, when hatchery operations are finished. Returning hatchery and wild fish freely ascend the stream and spawn in the wild on enhanced rivers, and supplement early and late-run wild fish, respectively. The natural run in enhanced rivers without hatcheries and non-enhanced rivers creates wild fish throughout the run season. Thus, regardless of enhancement, wild fish can be created in all river systems. Therefore, it is important to evaluate how the sustainability of the chum salmon populations is impacted by integrated reproduction in hatcheries and natural streams.
Integrated hatchery and wild reproduction
Huge numbers of hatchery fish return to hatchery-enhanced rivers, mainly in September-November. In 2012, 18,460,000 fish returned to the Kitami region. Among them, *16 million fish were caught by set nets in coastal areas, and 2 million fish were caught at weirs on enhanced rivers, of which 114,000 fish were sent to hatcheries as parent fish, which provided an estimate that 4,140 hatchery fish escaped upstream for wild stock conservation. The surplus hatchery fish caught in weirs (1,886,000) were sold to support hatchery operations. The exploitation rates were very high at 86.7 % (set nets) and 94.3 % (weirs). This calculation indicates that 0.62 % of returning hatchery fish were used for hatchery broodstock and 0.02 % escaped from weirs to upstream rivers.
Substantial numbers of wild fish return to some Kitamiregion rivers [6, 18] . The largest portion of this natural return occurs during December and early January, after returns of hatchery fish and the hatchery-focused fishery are completed in late November. The management system believes that fish returning during this time frame represent the historical natural return and are not subject to significant harvest. Escapements of these fish have been relatively consistent for the last several years, and current wild salmon escapement was estimated at 20,191 in the Kitami region (SFFRI, unpubl. data, 2013).
The percentage of hatchery breeders among all returned fish is very small (0.62 %). However, this is not surprising because the effective population size (N e ) is very small compared with the census population size (N) [19] . It is generally accepted that the effective population size of highly fecund marine teleosts is between two and five orders of magnitude smaller than the census spawning size [20] [21] [22] . For example, the N e /N ratio was 10 -5 for North Sea cod Gadus morhua [22] and New Zealand snapper Pagrus auratus [23] , 10 -3 for red drum Sciaenops ocellatus [24] , and 10 -4 for Japanese Spanish mackerel Scomberomorus niphonius in the Seto Inland Sea [17] . This may be explained by a biased sex ratio caused by dominant males monopolizing females, a disproportionate contribution of genotypes through egg production, an increase in larval viability with increasing female size, overlapping generations, or high variance in individual reproductive success [22] . In addition, the chance spatial and temporal match or mismatch of spawning with suitable oceanic conditions [20, 25] could result in the majority of surviving recruits being spawned by a minority of the population [17, 22] .
The N e /N ratio for salmonids should be larger than that of marine fish because of lower fecundity with larger eggs. The N e /N ratio was estimated to be 4.3 % for a natural population of Chinook salmon O. tshawytscha [26] . The N e /N ratio is on the order of 0.2 for most natural stocks of salmonid fish, where N is the number of spawning adults [27] . No N e /N ratio estimate for a natural and a hatchery population of chum salmon was found in the literature, so 20 % (*10 -1 ) was used as a tentative estimate of N e /N for both hatchery and wild spawning chum salmon. The number of spawning adults in hatcheries was 114,000, which was assumed to be hatchery-released fish. The rough estimate of the N e /N ratio for the Kitami hatchery program was *0.12 % (=114,000 9 0.2/18,460,000 9 100), and *0.03 % (=24,331 9 0.2/18,460,000 9 100) for the estimated escapement (24,331 = 4,140 hatchery ? 20,191 wild fish). The total N e estimate was 27,666 (=(114,000 ? 24,331) 9 0.2) and the N e /N ratio was *0.15 % (10 -3 ) after combining the hatchery broodstock and escapement. Current wild salmon escapement (20, 191 ) was *0.1 % of the 18,460,000 fish returned to the Kitami region in September-November, which was an underestimate because it did not account for naturally spawning salmon in major enhanced rivers (SFFRI, pers. comm.). Therefore, the N e /N ratio estimate (*0.15 %) should be an underestimate. In addition, the N e /N ratio might be much higher in hatcheries, as reported for rainbow trout O. mykiss (*90 %) [26] . A large number of adults (114,000) were used for artificial fertilization and the sex ratio was adjusted to *0.5. However, even if this was the case, the N e /N ratio of the chum salmon in the Kitami region was very small (*10 -2 ). It may be much smaller than those of Chinook salmon, coho salmon O. kisutch, steelhead trout O. mykiss, and Atlantic salmon Salmo salar, reflecting differences in early life history and the large census population size of chum salmon. To estimate the N e /N ratio correctly, the effective population size of returned fish and the effective number of breeders in hatcheries needs to be estimated based on genetic monitoring [28] .
Genetic diversity
Preceding studies on chum salmon using different genetic markers have provided valuable information on population sustainability. Sato et al. [29] examined the genetic population structure of chum salmon in the Pacific Rim using the mtDNA control region for 2,154 individuals from 47 rivers in 15 populations from Japan, Korea, Russia, and North America, and found that haplotype diversity was highest in the Japanese populations. Beacham et al. [30] surveyed genetic variation at 14 microsatellite loci in 3,602 individuals from 26 Japanese chum salmon populations, one population from Kamchatka, and three populations from North America, and found that the Japanese populations are more genetically diverse at each of the 14 microsatellites surveyed than that of North American populations in the Yukon River and British Columbia. Seeb et al. [31] surveyed the allelic variation of 10,458 chum salmon at 60 loci of single-nucleotide polymorphisms (SNPs) in 114 locations from Japan (16 sites), Korea, Russia, and North America, and showed that neither marker type suggested that the Japanese populations are inherently less diverse than those from North America, as suggested by the current SNP panel. Genetic diversity indices of Japanese chum salmon for the three markers were generally higher or similar in comparison with Korean, Russian, and North American chum salmon populations (Fig. 4) .
Population structure
Analyses of the mtDNA control region and SNPs coincidently show that the Japanese and Korean populations form a single, distinct cluster [29, 31] . Analyses of msDNA [30] found five clusters of populations in Hokkaido (Sea of Okhotsk coast, Nemuro Strait, eastern Pacific coast, western Pacific coast, and Sea of Japan coast) and two in Honshu (Pacific coast and Sea of Japan coast). Honshu Pacific coast had the most distinct cluster. KSEPA and Japanese salmon scientists suggest that the DecemberJanuary return (late run) represents the native return and that the hatchery-dominated September-November return represents transplants. An analysis of the mtDNA control region from four sites in Hokkaido (n = 323) [32] showed that the Yurappu River chum salmon has two populations: the late native-population spawning in December and the early mixed-population introduced from other river populations in October and November.
To infer the fine population structure including early and late-run populations, genetic differentiation was estimated using a common scale in terms of F ST based on mtDNA haplotype frequencies of 15 samples (n = 273) [29, 32, 33] and msDNA allele frequencies of 26 samples (n = 2,670) at 14 loci [30] . The samples [29, 30, 33] were collected in hatcheries (hatchery-released fish), and the Yurappu sample of Yokotani et al. [32] consisted of naturally-spawning fish (Kaeriyama M. pers. comm.). The msDNA allele frequencies were cited from the web site of the Molecular Genetics Lab at the Pacific Biological Station, Fisheries and Ocean Canada (http://www.pac.dfo-mpo.gc.ca/science/ facilities-installations/pbs-sbp/mgl-lgm/data-donnees/ index-eng.html). We used an empirical Bayesian method [34] with the software POPDIF 1.0 (http://popgene.co-site. jp/software_eng.html) to avoid a biased estimation of pairwise F ST (e.g., negative F ST values), which is a concern for species with high gene flow such as marine fish. The maximum likelihood global F ST over populations, the rate of gene flow (=1/F ST -1), and the means of the posterior distributions of pairwise F ST were estimated based on haplotype and allele frequencies.
Global F ST was estimated as 0.0433 ± 0.0130 for the mtDNA haplotype frequencies. The rate of gene flow was 22.1 ± 6.9, suggesting that 22 females in terms of the effective population size migrate between rivers per generation. The unweighted pair group method with arithmetic mean (UPGMA) dendrogram of pairwise F ST showed a distinct cluster in the samples taken in September and October. Honshu Pacific coast samples also formed a cluster. In contrast, samples taken in November and December were included in a different cluster for except Tokushibetsu, collected in September (Fig. 5) (Fig. 6) . The difference between Yurappu (December) and Tokushibetsu (September) was also similar at 0.0349 [0.0084, 0.0750]. It was unclear why the early sample from Tokushibetsu was close to the late one from Yurappu.
The global F ST was much smaller (0.0069 ± 0.0002) than that from the mtDNA haplotype frequencies based on the msDNA allele frequencies. The rate of gene flow was 155.3 ± 4.7. The UPGMA dendrogram of pairwise F ST showed three clusters. Honshu Pacific coast samples formed a distinct cluster, coinciding with the results from the mtDNA analysis. Five geographical samples (except from the eastern Pacific coast of Hokkaido) were located closely in the large middle cluster, but some were nested. The Honshu Sea of Japan coast formed one cluster with Fig. 4 Genetic diversity of chum salmon in the Pacific Rim. K refers to the number of rivers where samples were taken (white: Japan, grey: other countries). a Number of haplotypes for the mitochondrial DNA control region (data from [29] , n = 2,154). Error bars show standard deviations. HK Hokkaido, HS Honshu, KR Korea, RUS Russia, NWA northwest Alaska and Alaskan peninsula, SCA south-central Alaska, SEA southeast Alaska, BC British Columbia, WA Washington. b Number of alleles for 14 microsatellite DNA loci (data from [30] , n = 3,602). HSJ Honshu, Sea of Japan coast), HSP Honshu, Pacific coast, HKO Hokkaido, Sea of Okhotsk coast, HKN Hokkaido, Nemuro Strait, HKE Hokkaido, eastern Pacific coast, HKW Hokkaido, western Pacific coast, HKJ Hokkaido, Sea of Japan coast, KM Kamchatka, YK Yukon, BC British Columbia. c Number of alleles for 60 single-nucleotide polymorphic loci (data from [31] , n = 10,458). 1, Hokkaido; 2, Honshu; 3, Amur; 4, Kamchatka; 5, Alaska; 6, western Alaska; 7, Yukon; 8, Yukon2; 9, Bristol Bay; 10, north Alaskan peninsula; 11, southern Alaskan peninsula; 12, Kodiak Island; 13, Susitna River; 14, Alaska Bay; 15, Washington Fish Sci (2014) 80:237-249 243
Teshio and Chitose, but Kawabukuro was close to the western Pacific coast of Hokkaido, and Uono was separated from the cluster. Hokkaido samples from the Sea of Okhotsk, Nemuro Strait, the western Pacific coast, and the Sea of Japan coast were generally located nearby. In contrast, samples from the Pacific coast of Hokkaido (Kushiro and Tokachi) were not close and Horonai was different from other Sea of Okhotsk samples (Fig. 7) , though the F ST value between Horonai and Tokoro was very small at 0.0036 [0.0011, 0.0082]. Our results generally coincided with the results of Beacham et al. [30] , who found seven regional populations (five on Hokkaido and two on Honshu) within Japan, and learned that the Honshu Pacific coast populations were the most distinct based on CavalliSforza and Edwards chord distance. However, the genetic differentiation was very small and population structure was not rigid in terms of the posterior mean of F ST . The samples were all hatchery fish, as mentioned above. The nested population structure in Hokkaido may have been influenced by the transplantation of hatchery fish. No sample set was available from the same site including both early and late runs, so it was not possible to detect the genetic difference between the two runs. Beacham et al. [30] analyzed the original temporal samples from three populations within 1 year: (1) Gakko River, October and December samples; (2) Yurappu River, September and November samples; and (3) Chitose River, October and December samples. Their F ST values were 0.015 ± 0.002 (Gakko), 0.008 ± 0.002 (Yurappu), and 0.010 ± 0.001 (Chitose). Beacham et al. [30] suggested that transplantation history could influence the observed temporal variation within these populations. In the Yurap River, our F ST value based on mtDNA between October and December (0.0529 [0.0158, 0.1072]) was 6.6 times larger than that between September and November based on msDNA (0.008 ± 0.002) [30] . Our estimate of the rate of global gene flow for msDNA (155.3 ± 4.7) was seven times larger than that of mtDNA (22.1 ± 6.9), suggesting that females return to natal rivers and spawning sites, but males stray into non-natal rivers to extend the chance of reproduction. Straying of males should serve to enhance genetic diversity in populations and adaptability to environmental changes. It is unclear if straying reflects a failure to return home or a decision to spawn elsewhere, but in either case, straying has been essential for the persistence and distribution of salmon [35] . Chinook salmon stray more (mean population range 0.11-34.6 %) than coho salmon (0.08-0.94 %), ocean-type Chinook (5.2-18.6 %) stray more than stream-type Chinook (0.11-10 %), and Chinook salmon (0.90-54.9 %) stray more than steelhead (0.30-2.3 %) [36] .These patterns are largely the result of species-specific behavioral and endocrine factors during juvenile life stages [36] . The level of straying in hatchery chum salmon has not been assessed in Japan [2] . Further research is needed on chum salmon and pink salmon O. gorbuscha, which exhibit similar juvenile life histories (individuals typically migrate soon after emergence) [36] . The distributions of the mean pairwise F ST (0.0037 ± 0.0007) and the mean pairwise rate of gene flow (278 ± 49), estimated from msDNA allele frequencies of 26 samples (n = 2,670), suggested that straying is typical in chum salmon (Fig. 8) . The global F ST values for masu salmon O. masou were 0.016-0.032 within the Uryu River system in Hokkaido [37] , which were estimated from genotypes of 10 msDNA loci using the same software POPDIF. These point estimates were 2.3-4.6 times larger than our estimate of chum salmon (0.0069), which reflect the smaller rate of straying of masu salmon.
Genetic effects of hatchery release and roles of integrated hatchery management
Japanese populations had a similar number of haplotypes as in the Pacific Rim (Fig. 4a) . However, the number of haplotypes ranged from two to seven in a population, and the loss of rare haplotypes was observed in all populations. Similar reductions in the numbers of haplotypes were observed in other foreign populations. In contrast, the number of microsatellite alleles was very high at 26.8 ± 11.3 (range 4.8-73.9) [30] . A large number of parents have been used since the mid-1970s when the stock enhancement program became effective. Currently, an annual total of 1.27 million fish (3.2 % of returned fish in 2012) are collected for hatchery broodstock from about 75 rivers in Hokkaido [2] . The large number of parent fish used for artificial fertilization may have contributed to maintaining the high number of microsatellite alleles (26.8 ± 11.3) [30] . However, it is unclear if long-term hatchery release is responsible for the loss of rare haplotypes, as the reproductive ecology of females might also be a factor.
Fish generally remain in a chum salmon hatchery (from eggs to release) for *6 months. Survival rates in hatcheries are very high at [90 %. In contrast, survival rates should be very low in the wild, particularly during the early life stages. The rearing process in hatcheries should relax natural selection until release. In addition, eggs and sperm are taken artificially, so parent fish do not experience natural spawning. Carrying out this artificial fertilization process for more than 10 generations might reduce the natural spawning behavior performance of hatchery and wild fish. Such artificial selection could cause a reduction in the fitness of hatchery fish in the wild. Evidence for a reduction in reproductive success (RS) of hatchery fish has accumulated for Atlantic salmon [38, 39] , steelhead trout [40] [41] [42] , coho salmon [43] , and Chinook salmon [44] . A Bayesian meta-analysis for the steelhead data showed that the average level of relative RS (RRS) implied the reproductive decline of hatchery fish, but RRS varies greatly depending on genetic cross, sex, year of release, and environmental conditions [45] . Reflecting the large variation in RRS in a super population, no RS difference between hatchery and wild fish has been found for steelhead trout [46] , brown trout Salmo trutta [47] , or coho salmon [48] . If the ratio of hatchery fish with lower RS is substantial in the stocked population, the total number of progeny recruited in the stocked population could be reduced in the next generation [49] . The carryover effect of reduced RS in the next generation, as estimated in a steelhead population [50] , should amplify the reduction in recruitment.
The mechanisms responsible for reduced RS of hatchery fish are unknown [40] . The most likely cause is thought to be selection pressures associated with domestication in captivity [51] . Björnsson et al. [52] suggested that it is important not to lose sight of the fact that when handling expression data in endocrinology, it is the circulating hormones that stimulate target tissues. Gene expression mirrors the physiological activity of an organism. Highly significant differences in transcription levels have been found between farmed and wild Atlantic salmon [53] . A significant correlation between the domesticated/wild-type gene expression ratio and the transgenic/wild-type gene expression ratio for coho salmon was found [54] . Transgenesis of the growth hormone gene causes inferior reproductive behavior and reduces fertilization success of Atlantic salmon [55] . These findings provide an important suggestion that enhanced growth in captivity causes a reduction in reproductive performance of hatchery fish. Actually, hatchery-reared steelhead are almost ubiquitously released as yearlings, whereas wild steelhead typically spend two or more years in freshwater before migrating to sea [56] . It is crucial to discover the essential genetic cascades related to survival and reproductive traits, and to identify the main trigger genes, which will determine the mechanisms of the fitness reduction caused by captive rearing [57] . The results will contribute to the development of juvenile production techniques that help to conserve natural populations.
The duration of hatchery rearing for chum salmon (*6 months) is about half that for steelhead. The growth of hatchery-reared chum salmon is also similar to wild fish and is not enhanced in the hatchery, as in steelhead and farmed Atlantic salmon. The effect of domestication might be smaller in chum salmon than in other salmon, except in pink salmon. No significant difference in RS between hatchery and wild chum salmon has been found [58] . The RS of wild and hatchery chum salmon has not been evaluated in Japan, so it is unknown if hatchery fish have lower RS in the wild and if releases reduce the RS of the population. It should be noted that DNA parentage assignment for the precise estimation of RS requires a complete sampling of the parent and progenies for hatchery and wild fish [59] . The number of returns and return rates in the Kitami region have continued to increase in the last two decades (Fig. 1b) , showing that reductions in the survival rate of hatchery-released fish are unlikely. However, a consistent decreasing trend in the number of returns and the return rate since about 2005 in other regions in Hokkaido clearly indicates a survival decline of hatchery-released fish. Mizuno et al. [60] suggested the need for improving juvenile quality in the areas where recent returns have been decreasing in order to recover the chum salmon stocks.
Efforts to enhance the early-run population have been encouraged since the early 1980s, and resulted in a change in run timing [2] , as found in coho salmon [48] . Miyakoshi et al. [2] demonstrated the long-term change in the distribution of adult chum salmon captured in enhanced rivers in Hokkaido. There were both early-and late-run populations of chum salmon in Hokkaido until the early 1980s, and the numbers of fish in the two runs were almost the same (see Fig. 8 in Miyakoshi et al. [2] ). The late-run population had almost disappeared by the late 1990s. The late-run population has continued to decrease because adults captured late in the season for several years in the 1980s were not used for hatchery fertilization, but instead were simply sold. Hatchery managers have recently become aware that such extreme intentional selection is undesirable and have made an effort to escape the late-run fish, as mentioned above. The late-run population has been recovering gradually, suggesting the effectiveness of such escapement in enhanced rivers (Fig. 8 in Miyakoshi et al. [2] ). The run-timing distribution for [1970] [1971] [1972] [1973] [1974] [1975] should reflect that of the natural (original) populations of chum salmon in Hokkaido, because that period was the beginning of the increase in returned fish due to success of the hatchery program. The very small population differentiation of chum salmon was evaluated by neutral genetic markers. The F ST analysis evaluates differences in allele or haplotype frequencies and might not reflect the genetic characteristics of the indigenous demes, but the present runtiming distribution suggests that indigenous individuals remain in many rivers even with hatcheries. Therefore, escapement in enhanced and non-enhanced rivers throughout the run season should enable the recovery of the natural (original) genetic component. Further efforts for the escapement of both early-and late-run fish are key to the recovery and maintenance of natural populations of chum salmon. . Substantial introgression of hatcheryreleased fish into a wild population has been observed, even after several generations [17] . Considering long-term intensive hatchery release, almost all chum salmon returning to the Kitami region may be hatchery descendants. The increasing trend in return rate may suggest that hatcherywild integrated reproduction acts to compensate for domestication selection caused by captive rearing and artificial fertilization in hatcheries. The Sea of Okhotsk region is considered as a genetic management unit, and the genetic difference between hatchery (early-run) and wild fish (laterun) is very small (F ST = 0.008-0.010) [30] . This coincides with the concept of the genetically-integrated hatchery program [10] . In the successful salmon stock enhancement in southeast Alaska, hatcheries are located away from significant wild stocks [61] , regarded as a genetically-segregated hatchery program [10] . However, the contribution of hatchery-origin chum salmon is 78 % in southeast Alaska [61] , showing that any hatchery program is an integrated one within enhanced regions. Under integrated management, the idea of zoning management for enhanced and non-enhanced rivers in Hokkaido [13, 14] is useful both for conservation and for the production of chum salmon. Spawning habitats suitable for the reproduction of chum salmon are estimated to comprise 891 km in the Kitami region, including the Shiretoko area (Urabe H, SFFRI, unpublished data). It is crucial to allow escapements throughout the run season in order to sustain the habitat capacity of enhanced and nonenhanced rivers. Establishing river-specific escapement goals in enhanced rivers is needed. Marking and genetic monitoring will contribute to an evaluation of the effectiveness of the integrated hatchery program. Furthermore, the restoration of rivers, including dams [13, 14] , increases spawning habitat capacity.
Concluding remarks
The number of returns and return rates of hatchery fish have continued to increase in the past two decades in the Sea of Okhotsk region, supported by the favorable ocean and climate conditions. The increasing trend in return rates suggests that a survival reduction of hatchery-released fish in the Kitami chum salmon population does not occur. On the other hand, a consistent decreasing trend in the number of returns and the return rate since about 2005 in other regions in Hokkaido clearly indicates a survival decline of hatchery-released fish. However, it is unknown if hatchery fish have lower RS in the wild and whether releases reduce the RS of the stocked population. It is crucial to determine the mechanisms of the fitness reduction caused by captive rearing. New approaches are needed to discover the essential genetic cascades related to the survival and reproductive traits and to identify the main trigger genes, which will contribute to developing juvenile production techniques aimed at conserving natural populations.
The genetic diversity of Japanese chum salmon is higher or similar compared with other populations in the Pacific Rim. However, the number of haplotypes ranged from two to seven in a population, and a loss of rare haplotypes was observed in all populations. In contrast, the number of microsatellite alleles was very high at 26.8 ± 11.3 (range 4.8-73.9). A tentative estimate of N e /N ratio for the Kitami hatchery program was [0.15 % under the present high fishing pressure. The integrated hatchery-wild reproduction system, realized by a large number of broodstock in hatcheries and escapement into enhanced and nonenhanced rivers, maintains the present genetic diversity. However, it is unclear if long-term hatchery release is responsible for the loss of rare haplotypes, which might be caused by the reproductive ecology of females. Six regional populations (four on Hokkaido and two on Honshu) are assumed to occur within Japan, which suggests the management units of Japanese chum salmon. However, genetic differentiation is very low, and the population structure is not rigid. The nested population structure in Hokkaido might reflect the transplantation history of hatchery fish. The large gene flow suggests that straying, particularly by males, is a chum salmon strategy to maintain genetic diversity. Early and late-run populations are not genetically distinct in terms of F ST .
Intensive hatchery enhancement for the early run populations has changed the distribution of run timing for the chum salmon populations in Hokkaido. Recent escapement practices of late-run fish have gradually recovered the laterun populations. Hatchery releases serve to maintain the genetic composition of the early run, whereas escapement practices recover the late run, which contributes to maintaining the genetic characteristics of the natural (original) populations. Further efforts for escapement of both earlyand late-run fish are the key to recovering and maintaining natural populations of chum salmon. Surplus spawning habitat capacity exists in the Kitami region including the Shiretoko area. The challenge is to extend present escapement practices to other enhanced rivers with allowable escapements for habitat capacity. The restoration of rivers and dams increases spawning habitat capacity. A region-wide integrated hatchery management plan with river-specific escapement goals in enhanced rivers will recover the natural populations and contribute to sustainable chum salmon fisheries in the future. New research is needed to evaluate the effectiveness of the integrated hatchery program, which will contribute to the minimization of ecological and genetic risks for hatchery fish.
